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BEST (Black Hole Evolution and Space Time) in a Nutshell!

BEST

X-ray Mirrors:	



• Broadband: 2-70 keV. 	


• Area: 3000 cm2 at 6 keV.	


• Ang. Res.: <10′′ HPD.	

 Mission Cost Estimate: $573M.	



Performance:	


• >10 times more sensitive than NuSTAR,	


• 7.5 times mirror area than GEMS, ���
      7 times broader bandpass.	



Dual Focal Plane 	

	


Instrumentation:	


• Hard X-ray Imager (5-70 keV).	


• X-ray polarimeter (2-70 keV).	
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BEST Performance!

106 s:  F(10-30 keV)= 8x10-16 erg cm-2 s-1.	



NuSTAR	



BEST	

>3 σ	



Hard X-ray Imager:	

 Broadband Polarimeter:	
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10 mCrab, 106s, 18 independent bins	



1 mCrab, 106 s, MDP:	


 0.7% (2-10 keV) & 1% (10-70 keV). ���
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Curved trajectories close to black hole result in 90˚ polarization swing: 	


• Precision tests of accretion disk models.	


• Measurements of black hole parameters including spin.	


• Detailed probe of corona geometry. ���
• Test General Ralativity in strong gravity regime.	



Increasing  T	



E	



BEST – What Happens Close to a Black Hole?	
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Schnittman & Krolik 2009, ApJ,  701, 1175	



Mass: 10 M¤, a*=0.99	



Ray tracing of polarized emission 
including diffuse reflection: 	



BEST – What Happens Close to a Black Hole?	
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BEST: Measure black hole spins and 
test disk models!	
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The Role of X-Ray Polarimetry	


X-ray energy spectra for 6 
different a*, I, M-dot combinations:	



M=10 M⊙; D=10 kpc, spect. hard. ���
factor 1.6, disk truncated at ISCO 
with zero torque.	



a*=0.998	



a*=0.45	



a*=0.63	



a*=0.75	



a*=0.83	



a*=0.9	



Li, Narayan & McClintock et al. 2009	



X-ray polarization can break model 
degeneracies!	
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Psaltis 2008	



Use alternative metric for quantitative test of Kerr-Metric, No-Hair Theorem, 
and General Relativity (e.g. Johannsen & Psaltis 2011)!	



BEST!

BEST – What Happens Close to a Black Hole?	
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BEST – Powerful Tests of Disk Models Owing to 
Broad Energy Coverage	



Gou et al. 2011	
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Figure 3. (Top) The upper envelope in each of these spectra shows the data (RXTE in blue, and ASCA or Chandra in black) and the best-fit total relativistic model
for the case of our adopted model, Model 5. Each total model spectrum is shown decomposed into thermal, power-law, reflected and Fe-line components, where
the color assignments correspond to those used in Fig. 2. The low-energy X-ray absorption component is evident at energies <

∼1 keV. Note in all three spectra the
dominance at low energies of the key thermal component. (Bottom) Ratio of the data to the model showing deviations between the two.
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Figure 3. (Top) The upper envelope in each of these spectra shows the data (RXTE in blue, and ASCA or Chandra in black) and the best-fit total relativistic model
for the case of our adopted model, Model 5. Each total model spectrum is shown decomposed into thermal, power-law, reflected and Fe-line components, where
the color assignments correspond to those used in Fig. 2. The low-energy X-ray absorption component is evident at energies <

∼1 keV. Note in all three spectra the
dominance at low energies of the key thermal component. (Bottom) Ratio of the data to the model showing deviations between the two.

McConnell et al. 2002	



0.01	



0.001	



100 mCrab	



10 mCrab	



• BEST: precision measurements of polarization 
characteristics from 2-70 keV.	


• Hard X-rays ➙ refine <10 keV results.	


• Powerful tests of disk+corona+jet models.	
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BEST – Time & Phase Resolved Polarimetry	



QPOs and Lense–Thirring L103

Figure 2. Schematic diagram of the geometry considered. The inner flow
(grey with blue angular momentum vector) precesses about the black hole
angular momentum vector whilst the outer disc (red/orange) remains aligned
with the binary partner. The flow extends between ri and ro.

Figure 3. Precession frequency of an inner flow of varying outer radius.
The solid black, red, green, blue and magenta lines represent spin values of
a = 0.3, 0.5, 0.7, 0.9 and 0.998, respectively. The green dashed line repre-
sents a point particle for a = 0.7. The minimum radius is the last stable orbit
as a function of spin. We see that, as in the case of point particle Lense–
Thirring, the peak frequency both is higher than observed values and has
too strong a spin dependence.

ζ ∼ −0.5, and the numerical simulations give ζ ∼ 0. We choose
ζ = 0, but note that this makes less than a factor of 2 difference
from the other prescription for the resultant QPO frequency even at
the largest radii, and that this difference decreases monotonically as
ro decreases.

Fig. 3 shows the precession frequency plotted against ro for a
number of spins with ri = rlso. These frequencies are always higher
at a given ro as the effective radius is a surface density weighted
average from ri to ro We still, however, see the same two problems
encountered in Section 2.1, namely that the peak frequency is too
high and varies too strongly with spin.

2.3 Inner radius

So far, we have considered a flow with its inner radius at the last
stable orbit. Instead, the precession time-scale is set by where the
surface density drops significantly, as the region interior to this will
not contribute significantly to the moment of inertia. Full general
relativistic simulations of the magneto-rotational instability (MRI;
the underlying source of the stresses which transport angular mo-
mentum) show that this drops sharply at around 1.5 × rlso (e.g.

Figure 4. Surface density as a function of radius recovered from numerical
simulations of a misaligned flow (Fragile et al. 2007) with a = 0.5 (red) and
a = 0.9 (blue). Data points have been fit by a double law which breaks at ri.
We find ri(a = 0.5) ∼ 8 and ri(a = 0.9) ∼ 9.

fig 4. in Krolik, Hawley & Hirose 2005) for thick flows aligned
with the black hole spin.

However, we are considering Lense–Thirring precession so the
key issue is that the flow is misaligned. The extra torques on
the flow give extra contributions to the stresses. Simulations (e.g.
Fragile et al. 2007) have shown this to increase the inward velocity,
and therefore decrease the density of the flow. Fig. 4 shows the
surface-density profile obtained from two simulations, both of a
flow misaligned by 15o but with differing black hole spin. The blue
points are for a = 0.9 (Fragile et al. 2007) and the red points are for
a = 0.5 (Fragile et al. 2009). We have fit the data with a smoothly
broken power-law function "oxα/(1 + xγ )(ζ+α)/γ where x = r/ri.
This gives xα and x−ζ for r $ ri and r % ri, respectively, while γ

controls the sharpness of the break. We fix ζ = 0 (see Section 2.2)
and obtain ri ∼ 9 for a = 0.9 and ri ∼ 8 for a = 0.5, both of which
are significantly larger than rlso − 1.5 rlso for untilted flows.

Ideally, we would now like to re-plot Fig. 3 using the inner radius
for a misaligned flow. However, we only have two simulation points
for ri, which is clearly inadequate for our purposes. We, therefore,
make an analytical approximation in the next section in order to
address this point.

2.3.1 Solid disc with inner radius set by bending waves

The additional torques will be strongest where the flow is most mis-
aligned, so these should track the shape of the flow. This is set by
bending waves, which communicate the warp and twist in initially
circular and coplanar orbits, against viscous damping. Analytic ap-
proximations to the resulting shape can be calculated assuming
linear perturbations in an initially thin disc (e.g. Ferreira & Ogilvie
2009). The global structure then depends on the ratio of the viscos-
ity parameter, α, relative to the disc semi-thickness, H = hRg . For
α > h/r, warped disturbances via the Lense–Thirring precession are
propagated by viscous decay which eventually drags the inner disc
into alignment with the black hole spin, while the outer disc aligns
with the orbital plane of the companion star (Bardeen & Peterson

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 397, L101–L105

Ingram, Done, & Fragile 2009	



Identify Origin of QPOs and	


make them useable as tool:	



Simulation: ���
• 1 Crab, 104 s, 10 M¤, a/M=0.9, i=70˚. 	


• Disk: 1 keV,  Corona: 50 keV.	


• Precessing torus: ���
  R=6-10 M, α=25˚, fQPO=10 Hz. 	



BEST will enable time and phase 
resolved polarimetry!	



GEMS	



Schnittman 2011	



BEST	



Schnittman 2011	
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Rationale:	


-  Current surveys of black growth severely biased.	


-  Heavily obscured AGN are not included in optical, UV and E<10 keV X-ray surveys	


-  XMM-Newton/Chandra data at E<10 keV strongly affected by obscuration. 	


   Compton-thick AGN nearly missing in these surveys. Even the deepest Chandra	


   surveys miss as much as 50% of the AGN activity (Treister et al. 2004, 2010).	


-  IR surveys are based on a secondary indicator depending on emitted spectrum and	


   geometry, and properties of the host galaxy (Ballantyne et al. 2011).	



BEST – How and When Did Supermassive Black 
Holes Grow?	



Current and upcoming missions:	


- Swift/BAT and INTEGRAL only sensitive to AGN in the local Universe, z<0.1.	


- NuSTAR will improve on this situation, but only to z~1 (Ballantyne et al. 2011).	


- Bulk of black hole growth is most likely at z~2 (Treister et al. 2010), and will be 	


  missed by NuSTAR.	
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BEST – How and When Did Supermassive Black 
Holes Grow?	



BEST in 106s: ���
• ~380 AGN detections in F.o.V., ���
• >40% obscured AGN, ���
• >10 AGN at z>4, 	


• >1 AGN at z>6.	



Treister ���
2011	



A 106 s pointing would resolve 93% of 
the background between 10 and 30 keV.	



Based on AGN E<10 keV luminosity function (Ueda et al. 
2003) • Compton-thick AGN matched to z=0 Swift/BAT and 
INTEGRAL (Treister et al. 2009) • Match spectrum and 
intensity of extragalactic X-ray background (Treister et al. 
2009) • Numbers at z>2 uncertain.  Probably lower limit. ���
	



Number of z>6 AGNs can distinguish 
between different SMBH seeds (Treister 2011)!	
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BEST – How and When Did Supermassive Black 
Holes Grow?	



Potential BEST AGN Survey (1.5 years with 50% efficiency):	


• Wedding-cake scheme with the following surveys:	


  - Deep 0.1˚2 GOODS-like (two 4x106s-pointings, F10-30 keV≥4x10-16 cgs), ���
  - Medium-depth 1˚2 COSMOS-like (fifty 20ks-pointings, F10-30 keV≥1.7x10-15 cgs), 	


  - Shallow BOOTES-like 10˚2 survey (500 10ks-pointings, F10-30 keV≥8x10-15 cgs). 	


• Motivation:	


  - High-z AGN from deep survey, 	


  - Many sources for luminosity function from medium-depth survey, ���
  - Luminous sources from the shallow survey.	
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Local Distribution of hard 	


X-ray selected AGN.	



Cappelluti et al.: Cosmic Structure based on 199 Swift BAT Sources 	



BEST – How Does Large Scale Structure Evolve?	
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Elyiv et al 2011: Hard X-ray selected AGN have ~8 x more massive hosts!  	



Conclusions: 	


• Hard X-ray observations will scrutinize cosmic structure and its cosmic 
evolution for different (larger) dark matter halo masses than other 
observations.	


• Penetrating nature of hard X-rays will remove a major source of 
uncertainty that plagues surveys at other wavelengths.	



BEST – How Does Large Scale Structure Evolve?	
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Hard X-ray observations can map emission from non-thermal particles 
accelerated in large scale structure shocks in the local Universe.	



BEST – How Does Large Scale Structure Evolve?	



Figure 3: probing large scale structure. 100 Mpc box of magnetic field structures [10].

Middle: Synchrotron detection of possible cosmic filament [8]. Right: Distortion (green arrow) of
Giant Radio Galaxy by (invisible) diffuse medium between (yellow) clusters [9]

EMERGING TOOLS

Telescopes: Major new cm-m wavelength telescope facilities, including the EVLA,
the new multi-beam systems at Arecibo, the Long Wavelength Array, the GMRT, LOFAR,
ASKAP, MeerKAT, MWA and eventually the SKA promise to revolutionize synchrotron
studies of clusters and large scale structure. The current generation of radio telescopes has
provided images of the diffuse radio emission from only the brightest ∼50 clusters of galaxies
[31]. Based on the current luminosity functions alone, the new low frequency arrays will be
sensitive to at least 103 halos [7], especially by capitalizing on the steep spectra. This will
allow, for the first time, the separation of contributions from the various cluster properties
including X-ray mass and temperature structure, accretion/merger history, cosmic epoch,
etc. For the first time, multiple internal shocks can probe past mergers and AGN outbursts.
Together with X-ray measurements, we will begin to reconstruct the thermal history of
the ICM. Vast new populations of accretion shocks and lower mass cluster sources will be
detected, especially in environments currently undetectable to X-rays. These new radio
surveys, and hopefully next generation X-ray facilities will allow us to begin mapping the
diffuse “cosmic web”.

Simulation Technology: Rapidly increasing capabilities in numerical simulations
have allowed much more physically realistic hydrodynamic and magneto-hydrodynamic mod-
eling of clusters and large-scale structure. Simulations are increasingly better tied to obser-
vational predictions, e.g., for emissivity, polarization and Faraday rotation, X-ray emission,
cosmic ray production, etc. [13]. In the next generation, higher resolution studies will al-
low the accurate tracking of shocks and turbulence in clusters and filaments, while being
anchored in cosmologically relevant structures, e.g., the “Millennium Simulation”.

EXAMPLE KEY PROJECTS

RADIO SKY SURVEYS for DIFFUSE CLUSTER EMISSION: The goal of these
surveys is to increase by 1-2 orders of magnitude the number of radio halos, “peripheral relic”
accretion shocks, as well as to produce the first extensive evidence for shocks associated
with the low density WHIM. Major advances will be made by LOFAR and other SKA-
prototypes. At redshifts ≤0.2, a combination of sensitive single dish (GBT, Arecibo) and

Proper characterization of large scale structure at z=0 contributes to our 
understanding of large scale structure at all cosmic epochs.	
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BEST – Connection AGN – Large Scale Structure 
Formation	



BEST will 
detect 
obscured  
AGNs in 
galaxy 
merger.	



Hopkins 
et al.	
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BEST – AGN Feedback	



BEST: Map non-thermal particles  ➙ AGN feedback!	



MS 0735.6+7421	



NASA/CXC/Univ. Waterloo/B.McNamara; Optical: NASA/ESA/STScI/
Univ. Waterloo/B.McNamara; Radio: NRAO/Ohio Univ./L.Birzan et al.	



R/O/X	



Fermi: non-thermal particles!	



Milky ���
Way	



Cen-A	
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BEST – AGN Feedback	



• BEST polarimetry: ���
  B-field structure of AGN jets.	


• Structure and composition of jets is 
important for understanding of 
accretion process and feedback.	



Credit: Pearson Education, Inc.	
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•  Burst spectra in LMXBs: ���
T & R of emission region;	



•  Photospheric radius expansion 
(PRE) is limited by LEdd at surface 
touchdown;	



•  Given an opacity, LEdd gives 
emission radius (flux & Stefan-
Boltzmann law);	



•  Corrected for GR, Ledd gives M/R 
ratio for LMXB (e.g. Özel et al. 
2009), thereby constraining EOS;	



•  Works also for magnetars 
(Watts et al. 2010).	



BEST – How Does Matter Behave at Very High 
Density?	



Özel, Güver & Psaltis (2009)


Mass-radius diagram for EXO 1745-248 
and select NS equations of state. 	
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•  BEST polarimetry: size of PRE 
region, viewing angle with respect 
to B;	



•  Opacity and LEdd depend strongly 
on polarization in PRE volume;	



•  BEST will refine mean field 
geometry and LEdd measurement to 
give M/R ratios for both LMXBs and 
magnetars;	



•  Strong B-fields: polarization 
particularly interesting below and 
above electron cyclotron energy!	



•  Constraining magnetar EOS would 
be a first.	



BEST – How Does Matter Behave at Very High 
Density?	



RXTE spectrum for 4U 1728-34 ���
on 1999 June 30:	



unavoidably introduces a small systematic error when combining
burst measurements from different sources (see x 2.5). Then

ṁ ¼ 6:7 ; 103 Fpcbol
10"9 ergs cm"2 s"1

! "
d

10 kpc

! "2 MNS

1:4 M#

! ""1

;
1þ z

1:31

! "
RNS

10 km

! ""1

g cm"2 s"1: ð2Þ

It is generally thought that LX;1 is proportional to ṁ within in-
tervals of days, but that the absolute calibration can shift sub-
stantially on longer timescales (e.g., Méndez et al. 2001).

2.2. Temporal and Spectral Analysis of Individual Bursts

Once each burst was located, high time- and spectral-resolution
data (where available) from the PCA covering the burst (100Y
200 s) were downloaded and processed to provide a range of
analysis products. For most bursts, multiple spectral channels
were available with time resolution of 0.25 s or better. We ex-
tracted 2Y60 keV spectra within intervals of 0.25Y2 s covering
the entire burst. We set the initial integration time for the spec-
tra at 0.25, 0.5, 1, or 2 s depending on the peak count rate of the
burst (>6000, 3000Y6000, 1500Y3000, or <1500 counts s"1,
respectively, neglecting the preburst persistent emission). Each
time the count rate following the peak decreased by a factor offfiffiffi
2

p
, we doubled the spectral time bin size. Since the evolution of

the burst flux is slower in the tail, this increase in time bin size does
not adversely affect the data quality.

We fitted each burst spectrum with a blackbody model multi-
plied by a low-energy cutoff, representing interstellar absorption
using the cross sections of Morrison & McCammon (1983) and
solar abundances from Anders & Ebihara (1982). A spectrum ex-
tracted from a (typically) 16 s interval prior to the burst was sub-
tracted as the background; this approach is well established as a
standard procedure in X-ray burst analysis (e.g., van Paradijs &
Lewin 1986; Kuulkers et al. 2002). The observations span multi-
ple PCA gain epochs, which are defined by instances where the
gainwasmanually reset by the instrument team (on 1996March 21,
1996 April 15, 1999March 22, and 2000 May 13). In addition to
these abrupt changes, more gradual variation in the instrumental
response is known to occur, due to a number of factors. To take
into account these gain variations, we generated a separate response
matrix for each burst using PCARSP version 10.111, which is in-
cluded as part of LHEASOFT version 5.3 (2003 November 17).
The initial fitting was performed with the absorption column den-
sity NH free to vary; subsequently it was fixed at the mean value
over the entire burst to estimate the bolometric flux. The bolo-
metric flux at each time step i was calculated according to

Fi ¼ !T 4
bb; i R=dð Þ2i

¼ 1:076 ; 10"11 kTbb;i
1 keV

! "4

Kbb; i ergs cm
"2 s"1; ð3Þ

where Tbb is the blackbody temperature, R is the effective radius
of the emitter, d is the distance to the source, and Kbb is the nor-
malization of the blackbody component (we assume isotropic
emission for the burst flux throughout, unless stated otherwise).

For bursts observed in slews or offset pointings, we rescaled the
measured peak flux and fluence by 1/!", where " is the offset
between the pointing angle and the source position (see Appen-
dix B). It is important to note that the apparent blackbody tem-
perature for a distant observer, Tbb ' Tbb;1, and the apparent
temperature measured at the surface differ by a factor of (1þ z).
Furthermore, spectral hardening arising from radiation transfer
effects in the atmosphere increase the apparent surface temper-
ature compared to the effective temperature (e.g., London et al.
1986; Titarchuk 1994a; Madej et al. 2004). Unless otherwise
stated, we make no correction for the effects of redshift or spec-
tral hardening, and quote the observed parameters for distant
observers only.

Implicit in equation (3) is the bolometric correction to the burst
flux measured in the PCA bandpass; this correction adds’7% to
the peak 2.5Y25 keVPCAflux of radius expansion bursts. Should
the emitted spectrum deviate significantly from a blackbody out-
side the PCA passband, equation (3) will not give the correct bo-
lometric flux. Reassuringly, the blackbody model gave a good fit
to the vast majority of the burst spectra (e.g., Fig. 5), althoughwe

11 We note that the geometric area of the PCUs was changed for this release
for improved consistency between PCUs and with (e.g.) canonical models of cali-
bration sources, particularly the Crab pulsar. These changes have the effect of re-
ducing the measured flux compared to analyses using previous versions of the
response generating tools, by 12%Y14%. See Jahoda et al. (2006) for more details.

Fig. 5.—Example 0.25 s spectrum from the peak of a radius-expansion burst
observed from 4U 1728"34 on 1999 June 30 19:50:14 UT by RXTE. The top
panel shows the observed spectrum (after subtracting the preburst persistent
emission), while the middle panel shows the inferred burst spectrum after cor-
recting (‘‘unfolding’’) for the instrumental response. The histogram in both
panels shows the best model fit, in this case a blackbody with color temperature
kT ¼ 2:99 ( 0:04 keVand radius 5:09þ0:13

"0:12 km (assuming d ¼ 5:2 kpc; Table 9)
absorbed by neutral material with column density of 6:36 ; 1021 cm"2 (themean
value derived from spectral fits over the entire burst). The corresponding unab-
sorbed bolometric flux is (8:2 ( 0:2) ; 10"8 ergs cm"2 s"1. Although the mea-
sured radius is smaller than expected for a typical neutron star equation of state, it
is important to note that this is an apparent radius which is reduced by biases in
the color temperature measurement. The bottom panel shows the residual counts
for the fit, with #2 ¼ 20:5 for 25 degrees of freedom, indicating a statistically
good fit. The most noticeable deviations from zero are between 6 and 7 keV, and
may originate from fluorescent Fe K$ emission from material surrounding the
neutron star.

THERMONUCLEAR BURSTS OBSERVED BY RXTE 367No. 2, 2008

unavoidably introduces a small systematic error when combining
burst measurements from different sources (see x 2.5). Then

ṁ ¼ 6:7 ; 103 Fpcbol
10"9 ergs cm"2 s"1

! "
d

10 kpc

! "2 MNS

1:4 M#

! ""1

;
1þ z

1:31

! "
RNS

10 km

! ""1

g cm"2 s"1: ð2Þ

It is generally thought that LX;1 is proportional to ṁ within in-
tervals of days, but that the absolute calibration can shift sub-
stantially on longer timescales (e.g., Méndez et al. 2001).

2.2. Temporal and Spectral Analysis of Individual Bursts

Once each burst was located, high time- and spectral-resolution
data (where available) from the PCA covering the burst (100Y
200 s) were downloaded and processed to provide a range of
analysis products. For most bursts, multiple spectral channels
were available with time resolution of 0.25 s or better. We ex-
tracted 2Y60 keV spectra within intervals of 0.25Y2 s covering
the entire burst. We set the initial integration time for the spec-
tra at 0.25, 0.5, 1, or 2 s depending on the peak count rate of the
burst (>6000, 3000Y6000, 1500Y3000, or <1500 counts s"1,
respectively, neglecting the preburst persistent emission). Each
time the count rate following the peak decreased by a factor offfiffiffi
2

p
, we doubled the spectral time bin size. Since the evolution of

the burst flux is slower in the tail, this increase in time bin size does
not adversely affect the data quality.

We fitted each burst spectrum with a blackbody model multi-
plied by a low-energy cutoff, representing interstellar absorption
using the cross sections of Morrison & McCammon (1983) and
solar abundances from Anders & Ebihara (1982). A spectrum ex-
tracted from a (typically) 16 s interval prior to the burst was sub-
tracted as the background; this approach is well established as a
standard procedure in X-ray burst analysis (e.g., van Paradijs &
Lewin 1986; Kuulkers et al. 2002). The observations span multi-
ple PCA gain epochs, which are defined by instances where the
gainwasmanually reset by the instrument team (on 1996March 21,
1996 April 15, 1999March 22, and 2000 May 13). In addition to
these abrupt changes, more gradual variation in the instrumental
response is known to occur, due to a number of factors. To take
into account these gain variations, we generated a separate response
matrix for each burst using PCARSP version 10.111, which is in-
cluded as part of LHEASOFT version 5.3 (2003 November 17).
The initial fitting was performed with the absorption column den-
sity NH free to vary; subsequently it was fixed at the mean value
over the entire burst to estimate the bolometric flux. The bolo-
metric flux at each time step i was calculated according to

Fi ¼ !T 4
bb; i R=dð Þ2i

¼ 1:076 ; 10"11 kTbb;i
1 keV

! "4

Kbb; i ergs cm
"2 s"1; ð3Þ

where Tbb is the blackbody temperature, R is the effective radius
of the emitter, d is the distance to the source, and Kbb is the nor-
malization of the blackbody component (we assume isotropic
emission for the burst flux throughout, unless stated otherwise).

For bursts observed in slews or offset pointings, we rescaled the
measured peak flux and fluence by 1/!", where " is the offset
between the pointing angle and the source position (see Appen-
dix B). It is important to note that the apparent blackbody tem-
perature for a distant observer, Tbb ' Tbb;1, and the apparent
temperature measured at the surface differ by a factor of (1þ z).
Furthermore, spectral hardening arising from radiation transfer
effects in the atmosphere increase the apparent surface temper-
ature compared to the effective temperature (e.g., London et al.
1986; Titarchuk 1994a; Madej et al. 2004). Unless otherwise
stated, we make no correction for the effects of redshift or spec-
tral hardening, and quote the observed parameters for distant
observers only.

Implicit in equation (3) is the bolometric correction to the burst
flux measured in the PCA bandpass; this correction adds’7% to
the peak 2.5Y25 keVPCAflux of radius expansion bursts. Should
the emitted spectrum deviate significantly from a blackbody out-
side the PCA passband, equation (3) will not give the correct bo-
lometric flux. Reassuringly, the blackbody model gave a good fit
to the vast majority of the burst spectra (e.g., Fig. 5), althoughwe

11 We note that the geometric area of the PCUs was changed for this release
for improved consistency between PCUs and with (e.g.) canonical models of cali-
bration sources, particularly the Crab pulsar. These changes have the effect of re-
ducing the measured flux compared to analyses using previous versions of the
response generating tools, by 12%Y14%. See Jahoda et al. (2006) for more details.

Fig. 5.—Example 0.25 s spectrum from the peak of a radius-expansion burst
observed from 4U 1728"34 on 1999 June 30 19:50:14 UT by RXTE. The top
panel shows the observed spectrum (after subtracting the preburst persistent
emission), while the middle panel shows the inferred burst spectrum after cor-
recting (‘‘unfolding’’) for the instrumental response. The histogram in both
panels shows the best model fit, in this case a blackbody with color temperature
kT ¼ 2:99 ( 0:04 keVand radius 5:09þ0:13

"0:12 km (assuming d ¼ 5:2 kpc; Table 9)
absorbed by neutral material with column density of 6:36 ; 1021 cm"2 (themean
value derived from spectral fits over the entire burst). The corresponding unab-
sorbed bolometric flux is (8:2 ( 0:2) ; 10"8 ergs cm"2 s"1. Although the mea-
sured radius is smaller than expected for a typical neutron star equation of state, it
is important to note that this is an apparent radius which is reduced by biases in
the color temperature measurement. The bottom panel shows the residual counts
for the fit, with #2 ¼ 20:5 for 25 degrees of freedom, indicating a statistically
good fit. The most noticeable deviations from zero are between 6 and 7 keV, and
may originate from fluorescent Fe K$ emission from material surrounding the
neutron star.

THERMONUCLEAR BURSTS OBSERVED BY RXTE 367No. 2, 2008

BEST MDP for 5 s burst @ 5 Crab: ���
3% (2-10 keV) and 5% (10-20 keV)	
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Mission Details - Mirrors!

Mirror technology (F=10m):	


• High-quality mandrels and 0.4 mm thick glass mirror substrates.	


• Fabrication, alignment, bonding of segments:  <10′′ HPD at 4.5 keV.	


• R&D: Multi-layer coatings that maintain ang. resolution ���
(stress cancellation: atomic layer deposition or multi-layers).	



Mandrel Fabrication   Mirror Segment   Mirror Module          Mirror Assembly	
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Mission Details – Imaging Detectors!

TimePix ASIC: 256×256 pixels, ���
55 μm pitch, area 1.4×1.4 cm2 

(Esposito et al. 2011).	



Muon and alphas recorded with 1mm thick 
CdTe detector with 110 µm pixels, <5 keV 
energy threshold (Filipenko, Michel et al.):	



Erlangen Centre for Astroparticle Physics	



2mm CZT (5-70 keV): 240µm(120µm) pixel pitch; 3.5x3.5cm2 (5.8x5.8cm2).	
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Mission Details – Broadband Polarimeter!

Black et al. 2010	



Balloon flight of Compton 
polarimeter (X-Calibur) in 2014.	



Beilicke et al. 2011	



GEMS launch in 2014.	





Approved for public release, distribution unlimited	



Mission Details – Technical Readiness Levels & Complexity!

Component	

 TRL	

 Years to���
TRL 6	



Optical Bench	

 5	

 1	



Mirrors	

 2-4	

 3	



Imaging Detectors	

 5	

 2	



Photo-Effect Polarimeter	

 6	

 -	



Compton Polarimeter	

 4	

 3 (2014)	



Detector	

 Channels	



Imaging Detector	

 6 x 292 (584)	



Broadband Polarimeter	

 6 x 4614	
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Mission Details – Costing!

• Costs from Swift,  Lobster,  NuSTAR,  GEMS scaled to 2012.	


• Adjustment for additional/non-existing BEST subsystems.	


• Adjustment according to redundancy architecture.	


• Added cost for a Taurus launcher ($70M).	


• Based on existing missions, nearly-existing missions, and high-fidelity proposal 
study è calculations include 30% reserve.	



We'estimate'the'uncertainty'on'these'scaling'calculations'is'+/:'25%.'De:scoping'from'6'to'
5'(4)'telescopes'would'reduce'the' cost' by'~45'M$'(90'M$)'and'can'be'used'to' keep'the'
mission'safely'in'the'300:600M$'cost'bracket.

6.'Management'Plan'/'Schedule'/'Decommissioning:
' BEST' would' be' a' University' PI:lead'mission' (H.' Krawczynski,' Wash.' Univ.)' with'
GSFC' responsible' for' the' project' management,' systems' engineering,' instrument' and'
systems'I&T,'and'mission'operations.' 'Observatory:level'I&T'can'be'done'either'at' the's/c'
bus' vendor' facilities'or' at'GSFC.' 'Mirror'design'and'fabrication'will' be'done'at' GSFC'(W.'
Zhang,' lead).' ' The'polarimeter'detectors'will'be'designed'and'built'at'Washington'U.'and'
GSFC,' and' the' imaging' detector'will' designed'and'built' at'GSFC' (J.Tueller,' lead).' Science'
operations'will'be'done'at'Washington'Univ.'The'mission'program'will' take'5'years' from'
beginning'of'Phase'A'to'the'end'of'Phase'D'with'the'following'breakdown:'9,'15,'18,'and'18'
months,' respectively.' Phase' E' is' 3' yrs' (with' a' 5:yr' goal).' Decommissioning' will' take' 3'
months'by'natural'orbital'decay.'The'reentry'products'will'be'less'than'7'm2.

7.'References
1' J.'K.'Black,'P.'Deines:Jones,'J.'E.'Hill,'et'al.,'SPIE'7732,'77320X'(2010).
2' F.'A.'Harrison,'S.'Boggs,'F.'Christensen,'et'al.,'SPIE'7732,'21'(2010).
3' H.'Krawczynski,'A.'Garson,'Q.'Guo,'et'al.,'Astroparticle'Physics'34,'550'(2011).
4' D.'Psaltis,'Living'Reviews'in'Relativity'11,'9'(2008).
5' R.'F.'Penna,'J.'C.'McKinney,'R.'Narayan,'et'al.,'MNRAS'408,'752'(2010).
6' S.'C.'Noble,'J.'H.'Krolik,'and'J.'F.'Hawley,'ApJ'692,'411'(2009).
7' J.'D.'Schnittman'and'J.'H.'Krolik,'ApJ'701,'1175'(2009).
8' J.'D.'Schnittman'and'J.'H.'Krolik,'ApJ'712,'908'(2010).
9' A.'Ingram'and'C.'Done,'MNRAS'415,'2323'(2011).
10' H.'Krawczynski,'ApJ,'in'press,'arXiv:1109.2186''(2011).
11' E.'Treister,'K.'Schawinski,'M.'Volonteri,'et'al.,'Nature'474,'356'(2011).
12' D.'R.'Ballantyne,'A.'R.'Draper,'K.'K.'Madsen,'et'al.,'ApJ'736,'56'(2011).
13' F.'Özel,'G.'Baym,'and'T.'Güver,'Phys.'Rev.'D'82,'101301'(2010).
14' F.'Özel,'T.'Güver,'and'D.'Psaltis,'ApJ'693,'1775'(2009).
15' A.'L.'Watts,'C.'Kouveliotou,'A.'J.'van'der'Horst,'et'al.,'ApJ'719,'190'(2010).
16' V.'R.'Rana,'W.'R.'Cook,'III,'F.'A.'Harrison,'et'al.,'SPIE'7435,'2'(2009).
17' L.'M.'Bartlett,'C.'M.'Stahle,'D.'Palmer,'et'al.,'SPIE'2806,'616'(1996).
18' P.'Kurczynski,'J.'F.'Krizmanic,'C.'M.'Stahle,'et'al.,'IEEE'TNS'44,'1011'(1997).
19' M.'Beilicke,'M.'G.'Baring,'S.'Barthelmy,'et'al.,'SPIE'8145,'240'(2011).
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Mission Cost
(then)

Year
(then)

Cost
(FY12)

Delta
Cost

Adjust
Cost

Mass
[kg]

Delta
Mass

Adjust
Mass

Comments

Swift 140 2004 167 335 562 1200 25 1225 Existing
Lobster 200 2010 206 368 634 398 520 988 Proposal
NuSTAR 110 2009 117 365 542 360 602 1022 L:4'mo
GEMS 125 2011 125 370 555 313 552 925 In'Phase'B
BEST n/a n/a n/a n/a 573 n/a n/a 1040 Average

Table'3:'Costing'by'comparison,'scaling,'adjusting'from'4'missions'&'a'proposal.'Costs'are'in'FY12'M$'
and'masses'in'kg.'The'columns'“Delta'Cost”'and'“Delta'Mass”'give'the'costs'and'masses,'respectively,'of'
BEST' components' not' included' in'the'costs'of' the'comparison'mission.'The'columns' “Adjusted'Cost”'
and'“Adjusted'Mass”'give'the'total'cost'and'mass'estimates'for'BEST,'respectively.'
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What Happens Close to A 
Black Hole?	



Precision Tests of Accretion 
Disk Models and Underlying 
Spacetime.	



✓✓✓	


When and How Did 
Supermassive Black Holes 
Grow?	



Completely resolving hard 
X-ray background yields 
complete history of the black 
hole evolution.	



✓✓✓	


	



How Does Large Scale 
Structure Evolve?	



Use AGNs as Tracers of 
Large Scale Structure.	

 ✓✓	



What Is the Connection 
between Black Hole Formation 
and Large Scale Structure 
Formation?	



AGN-galaxy cross 
correlation; reveal AGNs in 
galaxy merger; map non-
thermal particles.	



✓✓✓	


How Does Matter Behave at 
Very High Density?	



X-ray Polarimetry of 
Neutron Stars and 
Magnetars.	



✓✓✓	
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BEST

Other Science Drivers: • Probe history of massive black hole at galactic 
center • Constrain energy release in magnetars • Vacuum birefringence • 

Particle Acceleration by Pulsars and Supernova Remnants	
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Scaled by Similar Mission Costs 
(DETAILS): 	



Missio
n Cost (then) Year(then) Cost (now) Delta(s) AdjCost Mass DeltaMass AdjMass Reasons 
Swift 140 2004 167.2 80   1200 cant   Mirrors: 15+10+10M$, 50+25+4*10=115M$; net is -35+115=80M$ 
        55     cant   Detectors: Pol_loE: 45+25M$, 45+20+4*15=125M%; net is -70+125=55M$ 
        75     cant   Detectors: Imager_MidE: 20M$+15+4*10=75M$ 
        75     cant   Detectors: Polar_HiE: 20+15+4*10=75M$ 
        20     cant   Bus: -10, +20M$ for redundant subsystems,  plus 10M$ for beefer mech structure 
        30     cant   Mission Ops: -2*10, +5*10=30 M$ 
        BEST= 502.2   BEST= 1225   
                    
Lobster 200 2010 206.0 113   398 270   Mirrors: 8+2+2M$, 50+25+4*10=115M$; net is -12+115=113M$.  M: +6*45=270kg. 

        55     -34   
Detectors: Pol_loE: 45+25M$, 45+20+4*15=125M%; net is -70+125=55M$.  M: -184 + 6*25= 
-34 

        85     60   Detectors: Imager_MidE: 20M$+15+4*10=75M$, plus 10M$ for FSW.  M: 6*10=60 
        85     204   Detectors: Polar_HiE: 20+15+4*10=75M$,  plus 10M$ for FSW.  M: 6*34=204 

        20     90   
Bus: -10, +20M$ for redundant subsystems,  plus 10M$ for beefer mech structure.  M: +40kg 
beefier. +50 PwrSys 

        10     0   Mission Ops: -2*10, +3*10=10 M$.  M: 0 
        BEST= 574.0   BEST= 988.0   
                    
                    
                    
NuSTAR 110 2009 116.7 80   360 238   Mirrors: 15+10+10M$, 50+25+4*10=115M$; net is -35+115=80M$.  M: -2*16, +6*45, = 238kg. 

        65     150   
Detectors: Pol_loE: 45+15M$, 45+20+4*15=125M%; net is -60+125=65M$.  M: 
+6*(15+10)=150 

        85     -40   Detectors: Imager_MidE: 20M$+15+4*10=75M$, plus 10M$ for FSW.  M: -2*20kg. 
        85     204   Detectors: Polar_HiE: 20+15+4*10=75M$,  plus 10M$ for FSW.  M: +6*34=204 

        40     110   
Bus: 20M$ for redundant subsystems,  plus 20M$ for beefer mech structure.  M: +60kg beefier. + 
50 PwrSys 

        10     0   Mission Ops: -2*10, +3*10=10 M$.  M: 0. 
        BEST= 481.7   BEST= 1022.0   
                    
GEMS 125 2011 125.0 95   313 238   Mirrors: 10+5+5M$, 50+25+4*10=115M$; net is -20+115=95M$.  M: -2*16 +6*45 = 238 
        65     0   Detectors: Pol_loE=40+15M$, 40+20+4*15=125M%; net is -55+120=65M$  M: 0deltas. 
        85     60   Detectors: Imager_MidE=20M$+15+4*10=75M$, plus 10M$ for FSW.  M: +60 
        85     204   Detectors: Polar_HiE=20+15+4*10=75M$,  plus 10M$ for FSW.  M: +6*34=204 

        20     110   
Bus: 20M$ for redundant subsystems,  plus 10M$ for beefer mech structure.  M: +60kg beefier. + 
50 PwrSys 

        20     0   Mission Ops: -1*10, +3*10=20 M$.   M: 0. 
        BEST= 495.0   BEST= 925.0   


